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(a), 1,3-dloxolane-2-yl (b), 1,3-dloxane-2-y] (c), 1,3-dloxepane-2-yl (d), tetrahydrofuran-2-yl (e)) in the presence of zrnc. Treatment of 3a*
and CpRuCI(P -O), (4b,c) with AgSbF, and Na_BPh,, respecttvely, afforded catIonIc, monochelated ruthemum(I1) complexes of the type [($-C,R,)Ru(P -O)(P 0)]' (5 a-e. R=CH,; 6b,c: R=H). The fluxlonal behaviour of 5a-e and 6c was studied by temperature dependent 31P NMR Investlgatlons. In the case of 5a+ computer-generated spectra were fitted to the experlmental by using DNMRS Thermodynamic parameters AH', As* and AC' were obtained via graphrc apphcation of the Eyring equation to the kmetic data Stlrring 5c, 6c under an atmosphere of carbon monoxide results m the formation of [(~5-C,R,)Ru(CO)(P-O),J[SbF,] (7~: R=CH,, SC: R=H).
Introduction
Half-sandwich (cyclopentadienyl)ruthemum(Il) systems have been reported as an excellent organometallic auxihary m the mvestlgation of catalytic processes [l] . In fact easy replacement of both the chloride and the phosphines in CpRuCl(PPh,), [2] has led to a variety of new metal complexes [3-51. Recently an interesting study in our group has involved ether-phosphines (0,P) in complexes of this type [6] . The oxygen donors in the ether moiety of these hgands may be regarded as intramolecular solvent molecules forming only weak metal-oxygen bonds which may be cleaved reversibly (P -0: $-P coordinated; P-0: $-0,P coordinated) [7] . If the molecule 1s such that it allows the oxygen donor atoms which belong to different 0,P ligands to compete for a common coordination site, fluxlonal behaviour can be observed [6-91. Referring to this the first results about dynamic processes in octahedral **Authors to whom correspondence should be addressed ruthenium(I1) [8] and square-pyramidal palladium(I1) complexes [9] containing ether-phosphine ligands were published recently. Contributions of the various 0,P ligands to the metal-oxygen bond strength were determmed via "P DNMR spectroscopic studies. Replacement of Cp with the more basic, electron donating pentamethylcyclopentadienyl (C,Me,) ligand has significantly affected the chemistry of organometallic ruthenium complexes [l, 10,111 . Recent work by Bercaw and co-workers [ll] and Suzuki and co-workers [12] has provided methodologies for the syntheses of Cp*RuClL, (L = tertiary phosphine) from oligomeric [Cp*RuCl,] ,.
The different properties of Cp* versus Cp m such systems is an area of active interest [13-161. The present paper reports the synthesis, steric and spectroscopic properties of (cyclopentadienyl) and (pentamethylcyclopentadlenyl)ruthenium (II) complexes provided with a series of ether substituents.
The difference m reactivity of ionic complexes 5c and 6c with carbon monoxide 1s indicative for the change of the ruthe-mum-oxygen bond strength by increase of electron Reagents density in the ruthenium centre via the Cp* hgand.
[Cp*RuCMn (1) was prepared as described by Suzuki
The main attention is focused on the fluxlonal processes and co-workers 31P DNMR experiments were carried out on a Bruker AC 80 instrument.
A lo-mm NMR tube was charged with -50 mg of the complex and 2.4 ml of THF. Variable temperature 3*P NMR spectra were collected at 10 "C intervals m the temperature range between 181 and 325 K. Near coalescence temperatures, spectra were recorded at 2-5" intervals. The temperature was measured using a temperature control unit (VT 100 Bruker instrument) and an external thermocouple (PT 100). The NMR probe temperature was calibrated using the method of Van Geet [21] and is considered accurate to t_ 1 K (about 20 min was required for the temperature equilibration of the NMR sample). All exchange broadened NMR spectra were simulated using DNMRS [22] 
m 60 ml of toluene, ether-phosphine hgands 2a-e (7.0 mmol) and 800 mg (12.2 mmol) of zmc were added. After refluxing for 12 h the colour of the dark red reaction mixture had turned to bright yellow. Excess Zn and ZnCl,, respectively, were separated by filtration. After evaporation of the solvent under reduced pressure, the product was purified by column chromatography using activated silica gel in a column of 3 x 25 cm. With n-hexane/diethyl ether = 5/l as eluents the first fraction contained excess 2a-e. The mam fraction was eluated with n-hexanefdlethyl ether = l/l and contained pure 3a-e. A small amount of 1 still remained on the column. The solvent of the main fraction was removed in vacuum and 3a+ were obtained as yellow powders.
Cp*RuCl(P-0), (3a)
3a was obtained m 50% yield, m.p. 94-96 "C (dec. 
General route to [($-C,R,)Ru(P-O)(P^O)][SbF,] complexes (Sa-c, 5e, 6b,c)
To a solution of 300 mg 3a-q 3e, 4b,c m 15 ml of THF an equimolar amount of AgSbF, dissolved in 2-3 ml of THF was added. The mixture was stirred for 2 h at ambient temperature in the dark. The reaction mixture was separated from AgCl by centrifugation. After evaporation of the solvent, the residue was washed with 10 ml of n-hexane to give an orange precipitate. The precipitate was collected by filtration and dried under vacuum. Anal.
Calc. for C,,H,,F,O,P,RuSb (960.6): C, 50.01; H, 5.14; F, 11.89; Ru, 10.52. Found: C, 50.43, H, 5.52; F, 12.09; Ru, 11.09%. IR (KBr): u,,(C,O) 1100 (P-0), 1064 
Preparation of (Cp*Ru(P -O)(P^O) ][BPh,] (Sd)
To a solution of 300 mg (0.34 mmol) 3d in 10 ml of CH,Cl, 118 mg (0.34 mmol) NaBPh, was added. The reaction mixture was stirred overnight at ambient temperature.
After removal of the solvent undervacuum, the residue was redissolved in 20 ml of dichloromethane NaCl was separated by filtration over a fine filter (G4). CH,Cl, was removed completely under vacuum. The residue was washed with 10 ml of n-hexane, collected by filtration (G3) and dried under reduced pressure to give 5d as an orange powder in 97% yield, m.p. loo-102 "C (dec. 
150 mg (0.14 mmol) 5c were dissolved in 10 ml of dichloromethane and stirred under an atmosphere of CO. After 10 min the bright orange colour of the solution had turned completely into pale yellow. After removal of the solvent under vacuum, the residue was stirred in 10 ml of n-hexane. The pale yellow solid was collected by filtration (G3) and dried under vacuum. Yield 82%, m.p. 108-110 "C (dec. 
Spectroscopic data and stem propetiles of 3a4
The r3C NMR spectra of 3a-d measured at 22 "C are comparable to related CpRuCl(P -0), complexes [6] . In addition a singlet due to the CH, groups of the Cp* ring is shown in the narrow range 9.2-9.3 ppm. In the IR spectra the antrsymmetric C-O-C vibration of the ether moiety IS observed as a stgnificant single band in the range 1105-1127 cm-'. However, the 3'P NMR spectra (Table 1) indicate the difference between Cp or bulky Cp* ligand in these systems. At -80 "C the complexes 3a-d display an AB pattern resultmg from two different phosphorus atoms. When the temperature is raised the two resonances begin to broaden finally averaging to a single peak at room temperature. This phenomenon may be explained with a hindered rotation about the Ru-P bond due to the steric stram of the Cp* hgand. A similar observation was reported by Mynott et al. via '?C NMR spectroscopic studies investigating (cyclopentadrenyl)bts(phosphme)ruthenium(I1) complcxcs which contain -rr-alkene ligands [25] . The 13C NMR spectrum of 3a recorded at -80 "C (20.15 MHz) shows only broad srgnals for all carbon atoms of the ether-phosphme ligands but sharp res-onances for the C atoms of the C,Me, ring mdicatmg free motion of the Cp* substitutent but a slow rotation rate of the 0,P ligand on the 13C NMR time scale. (Table 1) . The 13C NMR spectrum displays multiplets for all carbon atoms which cannot be assigned unequivocally. Sa-e, 6b,c) Starting from neutral Cp*RuCl(P -0), complexes 3a+ or already described (cyclopentadienyl)ruthenium(II) complexes 4b,c it is possible to create an empty coordination site at the ruthenium centre by chloride abstraction, e.g. with AgSbF, or NaBPh,, respectively (Scheme 2). In this case the ether moiety of one of the monodentate phosphine hgands is able to bind to the ruthenium forming the cationic systems I($-C,R,)Ru(P -O)(P-O)]' (Sa-e, 6b,c). The generation of 5a-q Se, 6b,c was performed according to literature methods [6] . By treatment of 3d with AgSbF, in THF a decomposition of the desired product was observed to some extent, possibly because of the weakly oxidizing character of the Ag' ion. Hence, chloride abstraction was achieved with NaBPh, 
Monochelated catiomc complexes [($-C,R,)Ru(P -O)-(P-O)]' (
in dichloro- methane affording [Cp*Ru(P-O)(Pr'O)][BPh,](5d)
@a)
The 31P NMR spectrum (Table 1) of 5a reveals an AB pattern caused by the $-0,P chelating and nl-P coordinated ligands. A band at 1064 cm-' m the IR spectrum is characteristic for q2-0,P chelation of one ether moiety, while the absorption at 1100 cm-' indicates Al-P coordination of the second ligand [24] .
Spectroscopic and steric properties of I($-C,R,)Ru-(P -0) (P-O)] + @b-d, bb,c)
The 3*P NMR spectra of the cationic monochelated
show that two diastereomers may be formed caused by chirahty at the ruthenium centre in addition to C chirality, resulting from n'-complexation of the 0,P ligand (Table 1 ). Atomic models of complexes 5b-d, 6b,c suggest that the steric strain IS stronger in the R,R,IS,S, form than in the R,S,IS,R, diastereomer, because the cyclic ether moiety interferes with the Cp or Cp* ligand (Scheme 3). A similar observation was reported in the current literature investigating (q6-C,H,)Os complexes which contain op-R& n = CC%),
Scheme 3 Possible dlabtereomenc forms of complexes 5t+d, 6b.c caused by C chlrahty, resultmg from the v*-complexatlon of the ether-phosphme &and tical active ammocarboxylate hgands [28] . However, the presence of the two possible diastereomeric forms is strongly dependent on the employed ether-phosphme ligand and on the n5-C,R, ligand, respectively.
In the complexes 6b,c containmg the Cp hgand both diastereomers were obtained m an approximate 1: 1 ratio (Table  1) . The low and high field signals in the "P NMR spectrum can bc traced back to the v*-0,P and Al-P coordinated hgands. There 1s a remarkable chemical shift difference between the resonances of the respective $-0,P chelating hgands of the two diastcreomers (65.5 and 48.6 ppm for 6b; 65 7 and 40.4 ppm for 6c) In the case of 5b both diastereomers can be observed m the 31P NMR spectrum in an approximate 9:l ratio. The mam diastereomer shows signals at 59.2 and 26.9 ppm due to $-0,P and T'-P coordinated hgands, respectively (Table 1) . Complexes Sc,d which contam the bulkier ether-phosphmes 2c,d exhibit one AB pattern at low temperature indicating that only one diastereomer is present which is reasonable interpreted as the sterically favoured RMS,-/SMR, form. The resonance of the $-chelating phosphorus atom m these complexes can be observed at relatively high field compared to the correspondmg $-0,P coordinated phosphorus atom of the main diastereomer of 5b. Hence, due to the use of the less bulky 0,P hgand 2b complex 5b obviously seems to contain the sterical stronger RMR,/SMSc form as the main product.
The IR spectra of Sb-d, 6b,c show typical bands m the ranges 1066-1075 and 1105-1128 cm-' which can be assigned to the antisymmetric C,O ether vibration of the #-0,P chelatmg and VI-P coordinated ligand, respectively. (6~) containing the weak oxygen basic and bulky 0,P ligand 2c [X] was carried out in the temperature range between -30 and 50 "C. The spectra show lme broadening at 10 "C, which is reversible between 10 and 50 "C. At temperatures above SO "C complex 6c was dissolved m 1,1',2,2'-tetrachloroethanc, but unfortunately decomposition of 6c took place m this solvent at high temperatures preventing the coalescence temperature to be reached. This behaviour demonstrates a very strong ruthemum-oxygen bond strength caused by the less electron rich ruthemum centre as reported for the correspondmg system contaming the ether-phosphine ligand 2a [6] . Referrmg to this, the only way to labilize the Ru-0 bond strength seems to be by Increasing the electron density at the ruthenium which is possible by employmg a more basic, electron donating pentamethylcyclopentadienyl hgand. The temperature-dependent 3'P NMR spectra of [Cp*Ru(P -O)(P"O)] f (5a-e) indrcate that the compounds are fluxional m solution which IS regarded as evidence for the decrease of the ruthemumoxygen bond strength by replacement of Cp versus Cp* m these complexes. The spectra of 5a, 5c,d display typical AB patterns at low temperatures, whereas 5b consists of two diastereomeric forms due to C chirality of the $-0,P chelated ligand. As the temperature is raised, the resonances first broaden, then coalesce (Table 2 ) with final averaging in sharp singlet in all cases. In the 3'P DNMR spectra of Sc,d consisting of only one diastereomer (see above), at low temperatures an additional dynamic phenomenon is observed. Below -30 "C the doublet m the high field range due to $-P coordinated phosphorus becomes sharp while the signal at lower field caused by the $-0,P chelated hgand remains broad or nearly disappears in the base line. Whereas in complex 5c the broad signal is changmg into a sharp doublet at -90 "C, it cannot be resolved m the case of 5d until -100 "C (Table 1) . A rotation around the C-C bond which would lead to an exchange in the coordination of the two oxygen atoms of the chelating 0,P ligand would require the dissociation of the metalko,xygen bond. This has been shown to have an energy barrier which is higher (Table 2) than the exchange process responsible for the line broadening of the low field part of the AB pattern. Thus the low energy dynamics may be attributed to conformational changes of the six-and seven-membered ether rings which are coordinated to the ruthenmm centre. The 3'P NMR spectrum of Se shows one AB and one A'B' pattern at -30 "C due to two diastereomeric forms. When the temperature is raised, the resonances of the diastereomers begin to broaden but with different rate constants k,/k,. At 320 K coalescence of the A'B' pattern is achieved in contrast to the Al3 pattern which consists of two broad signals until 325 K (Fig. 1) . Due to the boiling point of THF a temperature above 325 K was not available.
The temperature data of compounds 5a-e reveal an averaging of magnetic environments on the NMR time scale at higher temperatures indicating mutual exchange of the two 0,P ligands. The exchange mechanism shown in Scheme 4 involves primarily cleavage of the Ru-0 bond followed by recombination of the Ru-0 bond by the oxygen atom of the second ether-phosphme ligand. All phenomena are reversible.
